Low salinity water flooding has been suggested to improve oil recovery in sandstone reservoirs. However, application in carbonate reservoirs is still controversial. In this work, Quartz Crystal Microbalance (QCM-D) was used to investigate the impact of the chemical composition of crude oils and crystal surfaces on the adsorption/desorption efficiency of oil components upon exposure to various salinity solutions to reveal the potential of enhancing oil recovery from carbonate reservoirs. The surface charge of carbonate rock is characterized by zeta potential measurements. For QCM-D measurements, Norwegian and North Sea crude oils with various acid numbers were used, while calcite and silica crystals were utilized to mimic carbonate and sandstone reservoirs. The results reveal that the amount of adsorption is correlated to the concentration of polar organic components present in the oil and the type of surface mineral. Subsequent desorption showed that low amounts of desorption are reported upon exposure to seawater for both surfaces examined, while two and ten times diluted seawater achieved the highest desorption efficiency. These observations are supported by zeta potential measurements for carbonate rock and previous electrokinetic studies for silica surfaces. Generally, increasing the content of negative polar components in crude oil leads to a reduced desorption from calcite surface compared to the silica surface. Low salinity water flooding seems not to be an 2 optimal technique to improve oil recovery from carbonate reservoirs with high acidity and heavy crude oil.
Introduction
Throughout the years, various enhanced oil recovery techniques have been developed, especially in the last two decades. Low salinity flooding has been proposed as an innovative method to improve oil recovery (IOR) in hydrocarbon reservoirs. A broad range of studies have been conducted recently to study the effect of low salinity water flooding in sandstone reservoirs and identify the potential recovery mechanisms. The laboratory observations supported by limited field scale tests have shown that lowering the salinity of water below 5000 PPM could produce positive results for sandstone reservoirs [21, 25, [31] [32] 34, 40, 43, [46] [47] [48] 52] . However, it is worthwhile to mention that, the effect of low salinity water flooding on carbonate rocks remains controversial and its application in the field scale is still doubtful. The reason behind this is the complex chemical interactions between brine/ carbonate rock/ and crude oil, which lead to a poor understanding of the chemical mechanisms responsible for oil recovery improvement [12, 18] .
Various mechanisms have been proposed in the literature to elucidate the brine/oil/carbonate rock interactions during low salinity flooding, but none of them are commonly accepted. A multiple ion exchange mechanism has been suggested by Austed et al. [7] , who found that the presence of the SO4 2- ion and a reduced concentration of NaCl, combined with the optimum temperature, i.e. between 90-110 °C, are necessary to change the we ttability of carbonate reservoirs, which can then affect the total recovery. In addition, the theory of the electrical double layer (EDL) expansion has been proposed as one of the other mechanisms that could lead to improved oil recovery during low salinity injection [33] . It proposes that when the rock surface is exposed to a low saline solution, the EDL is formed due to the ion exchange between a charged rock surface and an electrolyte solution. Consequently, the interaction between the EDL and the oil-brine interface help to detach hydrophobic layers from the surfaces, which can contribute to the wettability alteration of carbonate rocks to a favorable state [30] .
On the other hand, it has been reported that the amount of polar organic components present in crude oil strongly affects the potential of low salinity flooding for both carbonate and sandstone rocks [8, 39] . Hence, the adsorption of these compounds from crude oil onto rocks is considered an essential pre-condition for the influence of low salinity flooding to enhance oil recovery [43] . Polar compounds consist of both acidic components, including carboxylic and phenolic acids, and basic components such as nitrogen compounds [10, 41] . A number of studies indicated that the acid/base content from asphaltenes and resin fractions in crude oil have a major effect on the wettability alteration of mineral surfaces [8, 11, 13, 35] .
QCM has been extensively used to detect the adsorption and interactions of polymers at solid/liquid interfaces. For instance, Guo and colleagues [20] investigated the adsorption behavior of two cationic polyelectrolytes that have different charge densities on silica and gold surfaces. The results revealed that the adsorption of the polyelectrolyte relies on the solid surface, solution concentration and solution pH. Li et al. [26] also studied the adsorption behaviors of four thermo-sensitive triblock copolymers in dilute aqueous solutions on hydrophobic modified gold surface at various temperatures. They found that the adsorption time constant decreased with increasing adsorption temperature. The adsorption/desorption of asphaltene and its fractions onto silica surfaces has also been evaluated by the Quartz Crystal Microbalance (QCM) technique as a simple and quick method compared to the classical core flooding process [12, 13, 36] . Recently QCM has been used to assess the adsorption/desorption of crude oil on different surfaces [14, 15, 48] . However, there are very few studies carried out to address the crude oil adsorption/desorption onto/from carbonate mineral surfaces.
From the aforementioned research, it is clear that understanding the effect of low salinity water flooding and the exact mechanisms causing oil mobilization are very limited for carbonate reservoirs. Assessing the adsorption/desorption efficiency will be helpful to explain the complex oil/brine/ carbonate rock interactions and evaluate the potential of low salinity flooding. This work aims to conduct a fundamental study of how the ionic strength and brine salinity influences the desorption of crude oil with different chemical compositions from crystal surfaces. Three crude oils with various acid number have been studied, while calcite and silica coated QCM crystals were used to simulate carbonate and sandstone rocks. The surface charge (i.e., electrostatic force) of pure calcite minerals upon exposure to different salinity solutions are identified. The role of polar organic components associated with the acidity of oil and its effect on the crude oil adsorption/desorption efficiency onto/from calcite and sandstone surfaces are examined.
Materials and Methods

Rock Sample
Homogenous Estaillades limestone outcrop rock was used in zeta potential measurements. The core samples were supplied by Shell. The average porosity and permeability of Estaillades core are 25 % and 100 md, respectively. The average grain density is 2.74 g/cc, measured by Micromeritics Acupyc-1330. X-ray Diffraction (XRD) analysis was carried out by an XRD Bruker D8 Diffractometer to quantify the mineral composition of the limestone rock. The results reveal that the powder of crushed limestone rock was composed of mainly (94 %) calcite with a small amount (6%) of Dolomite. No clay minerals were detected in the sample (see Figure 1) . 
Calcite and Silica Sensors
CaCO3 (QSX 999) and SiO2 (QSX 303) standard coated sensors were purchased from Q-Sense Biolin Scientific. The sensors consist of a quartz crystal disk with metal electrodes on each side. One of the electrodes was covered with thin surface layers to simulate either carbonate or sandstone minerals. The fundamental resonant frequency for the crystals is 5 MHz.
Brines
In this study, synthetic seawater (SW) and artificial formation water (FW) were used as the base brines. All brines were prepared in the lab by mixing deionized water (Milli-Q, resistivity 18.2 M .cm) with reagent grade salts, which were supplied by Merck and Sigma with a purity grade 99%. Figure 2 . The physical properties of all prepared brines were characterized by measuring density, viscosity, conductivity, and pH. Table 2 illustrates the details of physical properties for different brines. (Thermo EA2000). The physiochemical properties of the crude oils are given in Table 3 . 
Crude Oils
Zeta Potential Measurements
A Colloidal Dynamics Zeta-Probe was used to determine the zeta potential of different calcite-brine suspensions, which is an accurate instrument based on electro-acoustic measurements without the need for 
Quartz Crystal Microbalance (QCM) Measurements
In this work, a Q-Sense D300 was used to detect the adsorption/ desorption of crude oil onto/from the calcite and silica coated crystals. QSense measures the change in resonant frequency and dissipation energy of the coated crystals used. The change in frequency when the oscillating crystal is exposed to an aqueous phase can be attributed to the mass loading, liquid loading, and liquid trapping. The adsorbed mass of a thin and rigid adhering layer is determined by the Sauerbrey equation (Eq.1) [38] . When Newtonian fluids come into contact with the oscillating crystal, an additional shift in frequency is observed due to the change in density and/or viscosity of the medium (Eq.2) [22] . The liquid trapping effect can be neglected because of the atomic smoothness of the crystal surfaces. The principle calculations of mass and liquid loading are described by the following equations: To perform the experiments, the calcite sensor was utilized to mimic the pure calcite minerals of the natural carbonate rock, used in the zeta potential measurements. Whereas, silica sensor was used to represent sandstone rock. Prior to each experiment, the sensor was immersed in 2 wt. 
Results and Discussion
Zeta Potential
The zeta potential of calcite particles in deionized water was examined first over a wide range of pH (6.5-11.5) as a reference test. From Figure 5 , it can be clearly seen that positive zeta potential values were reported throughout the pH range covered. This might be commonly linked to the high concentration of the Ca 2+ ion in the surface lattice (crystal structure). This trend is in line with the study of Kasha et al. [24] for a dolomite-deionized water suspension. In addition, a high pH would increase the concentration of CO3 2-, HCO -3, and OH - [19, 30] , leading to a less positive charge. Thus, as illustrated in Figure 5 , the magnitude of the positive surface charge is decreased clearly (from +17.27 mV to +3.2 mV) with an increase of pH value, making the surface less positive. ions, leading to a shrinkage of the EDL and shift of the zeta potential to a positive value. In comparison, the zeta potential in sea water was less positive than formation water (+3.6 mV) at the same pH value. This could be attributed to the reduction in the total dissolved solids (43650 ppm) and an increase of the concentration of the SO4 2-ion in sea water, which is consistent with the previous studies [23, 24] .
The results also reveal that the magnitude of the negative charge generally increases as the salinity and ionic strength of suspensions decreases up to 10 times dilution. For instance, the zeta potential of calcite particles in twice-diluted sea water is -5.12 mV, and it reaches to -10.6 mV at 10 times dilution. It is logical that as the salinity of suspension decreases, the adsorption of Mg 2+ and Ca 2+ ions surrounding the particles decreases with continuous adsorption of SO4 2-. This leads to the expansion of the EDL and an increase in the magnitude of the negative surface charge [30] . However, Vdovic [45] showed that a significant difference in the zeta potential values was observed for the two synthetic calcite samples, having different surface area. His conclusion is that the specific surface area and grain size could affect the magnitude of electric charge or energy stored on the calcite surface.
For silica surfaces, the zeta potential measurements have not been performed in this study for technical reasons and the results of the previous
work have been considered to analyze the brine/silica/oil interactions in the next sections. Many previous electrostatic studies showed that silica surfaces have an isoelectric point at PH 2 and the surface will be more negative at PH >6 [5, 17, 29] . AlQuraishi and his colleagues [4] also stated that a substantial increase in the magnitude of the negative surface charges of sandstone rock was observed when switching from seawater to 2 times dilution of seawater and then to 10 times dilution, respectively. In the same way, the zeta potential of clay minerals and sandstones in aquifer water, seawater, and deionized water has been studied by Al Alotaibi et al. [3] . Their results showed a negative zeta potential for all samples examined, and the highest negative charges were for sandstone in deionized water followed by chlorite particles in aquifer water. Such results indicate that the silica surface is almost negatively charged under low salinity solutions. 
Adsorption of Crude Oil on Calcite and Silica Surfaces
An indicative example of the frequency and dissipation changes when calcite and silica surfaces are exposed to dead crude oil, followed by flushing with toluene and subsequent exposure to seawater and different slugs of diluted seawater, is illustrated in Figure 7 . It is obvious that a frequency shift on the silica surface is higher than that on the calcite surface, suggesting that the mass adsorbed rapidly on the surface [15] . These results are in line with those of Guo et al. [20] , who noted that a higher shift in the frequency was on the silica surface than that on the gold surface. They stated that silica (SiO2) has higher electrostatic contact sites compared to the other surfaces, leading to more molecules adsorbed on the SiO2 surface through the electrostatic attraction. It can also be seen from Figure 7 that the corresponding dissipation shift increases during the adsorption of crude oil onto the investigated surfaces, but it decreases upon exposure to toluene, meaning that loosely bound oil molecules were detached from the surface and the residual components represent a rigid oil layer [35] . It can also be noted that injecting 2dSW and 10dSW show an increase in the frequency shifts, coinciding with a decrease in the corresponding dissipation shifts, indicating that a desorption happened as will be discussed in the next section. Moreover, the overall dissipation shifts for the calcite and silica surfaces are relatively small (less than 10). Similar behaviors have been observed previously [15, 26, 35, 44] . The adsorbed mass was determined by the Sauerbrey equation Eq. (1) and the results are shown in Figure 8 . For calcite surfaces, the highest adsorption was observed for crude oil C, which contained a high acid number (2.54 mg KOH/g) and the highest mass ratio of oxygen atom (see Table 3 ).
On the other hand, the lowest adsorption was for crude oil A with no significant acidity and less oxygen content. For silica surfaces, an opposite trend is observed since the adsorption is decreased as the acidity of crude oil and oxygen hetero atom increased. This observation is consistent with the study from Liu et al. [29] , who confirmed that the oil components adsorbed to silica surfaces were different from those on calcite surfaces.
Based on the fact that silica surface is dominated by silanol (Si-OH) groups, the surface will be negatively charged, which can promote the adsorption of positively charged nitrogen based components present in oil [5, 8, 35] . It might be speculated that more layers are adsorbed to silica surfaces compared to calcite surfaces when crude oils with insignificant acidity have been used (Crude Oil A and B). Overall, the variation in the amount of mass adsorbed can be attributed to the difference in the chemistry of the oil adsorbed. The results also revealed that the three crude oil samples contain an amount of phenolic functional groups in the range of (3107-3938 cm -1 ).
Finally, the wave number in the range between (1505.6-1538. cm -1 )
corresponded to aromatics ring stretch C-C, while the band between (800-600 cm -1 ) was assigned to the aromatics C-H deformations and alkyl groups [35] .
Notably, the aromatic bands were more intense for crude oil C, which give an indication of high aromaticity for this sample compared to crude oils A and B.
SARA analysis also confirmed that crude oil C has a high aromatic weight ratio 44.91%.
In general, IR spectra indicate that the saturated hydrocarbon bands seem to be the predominant function groups for all types of crude oils.
However, there is variation in the abundance of polar groups such as carboxylic acid, amine, and phenolic acid. IR spectroscopy observations have also been supported by SARA and elemental analyses, which showed equivalent contents of saturate and polar hetero atoms groups (NO). These results were consistent with the amount of adsorbed oil layers on the calcite and silica surfaces. It has previously been reported that the surface energy seems likely to be dominated by the basic, acidic and polar components of the oil adsorbed, and the crude oil solvent character with respect to its polar components have a considerable impact on deposition or precipitation at the solid surface [9, 29] .
Desorption of Crude Oil from Calcite and Silica Surfaces
The desorption efficiency of oils from calcite and silica surfaces upon exposure to various salinity solutions was calculated, as shown in Figures 10 and 12. The desorption efficiency is generally decreased as the acidity of crude oil is increased. From Fig. 10 , the lowest desorption efficiency was for crude oil C, which contained the highest acidic components (O= 10.33%).
Whereas the highest desorption efficiency was for crude oil A, having the lowest amount of acidic components (O= 2.2%). These observations could be attributed to the high bonding strength of negatively charged acidic components onto the positively charged calcite surface. It has been reported that a very limited change in wetting conditions was observed at the acid number larger than 1 [42] . Fathi et al. [17] also found that the oil depleted in water-soluble acids can be displaced easily from the chalk cores compared to the original oil with a high acid number (1.8 mg KOH/mg).
Injecting seawater showed some desorption of the adsorbed layer from calcite surface, and not much difference in desorption efficiency was observed for various types of oils used. This result may originate from the mutual interactions between sulphate ion adsorbed (SO4 2-) and calcium ion (Ca 2+ ),
i.e., multiple ion exchange on the surface, could be happening. The mutual interactions therefore could improve the electrostatic repulsion between the adsorbed polar oil components and calcite surface, thereby resulting in desorption from the calcite surface [6, 42] . The reactivity of Mg 2+ ion could also increase in water and it can even substitute Ca 2+ from the calcite surface and thereby displace Ca 2+ ions that are bridged to carboxylic polar components, leading to further desorption from the carbonate surface. Figure 11A illustrates the potential chemical interactions between calcite/crude oil and saline solution. It is worth commenting that imbibition and core flooding experiments emphasized that seawater removed some of the light and heavy crude oils from carbonate rocks during secondary flooding [21, 42, [50] [51] [52] .
Furthermore, the significant desorption occurred when the calcite surface with adsorbed oil layer is subjected to solutions of 2dSW and 10dSW, sequentially. These results are qualitatively in good agreement with our findings of zeta potential mentioned earlier in section 3.1. When the salinity decreased, the surface potential of the calcite became more negatively charged. As the adsorbed oil layer is also negatively charged due to the presence of negative polar active components, it can lead to an increase in the electrostatic repulsion and an improvement in the desorption efficiency.
Conversely, a very small desorption was noticed with further dilution (20dSW and 50dSW) as further dilution displays less negative zeta potential, Figure 6 . In the case of silica, Figure 12 shows that there is less amount of the adsorbed oil was desorbed than from the calcite surface at the high salinity solution (seawater). Previous studies have suggested that both oil and solid interfaces become charged in the presence of water film [8] . Hence, injecting high salinity solution with the presence of positive divalent ions such as Ca 2+
and Mg 2+ can act as a bridge between dissociated negative polar oil components and negative silica surface sites, leading to adverse desorption (See Figure 11B) . These results are consistent with the basis of the experimental work of Lager and his coworkers [25] that a conventional high salinity waterflood containing the high concentration of Ca 2+ and Mg 2+ resulted in low recovery factor compared with the modified brine (depleted in Ca 2+ and Mg 2+ ). Considering the bridging effect of potential determining ions, we can thus expect limited desorption (4%) of crude oil C, which has the highest polar component, from silica surface upon exposure to seawater. On the other hand, it is obvious from Figure 12 that injecting low salinity solution increases the extent of desorption from silica surface in comparison with high salinity solution. The highest desorption efficiency is observed for 10 times-diluted seawater. It is apparent that a sharp decrease in the attraction force was happened when switching from seawater to 10dSW.
This could be explained by DLVO theory and/or ion binding mechanism. In our system, the interactions occurred between the silica coated sensor and crude oil in the presence of the aqueous phase. It has previously been suggested that the isoelectric point for silica is about pH 2 and the surface is negatively charged at neutral pH [5, 29] . As illustrated in Table 2 , the low salinity solutions have a pH range from 7.01-7.58, which can increase the negative charge on surface sites. Thus, at the low electrolyte concentration and a relatively high surface charge density, the repulsive energy of the electrical double layer is going to play a vital role in the interactions between oil/brine/silica interfaces, and therefore promoting the desorption efficiency when a solution of 10 times dilution used. In contrast, injected seawater is likely to screen of the surface charges, resulting in a decrease in the repulsion and less desorption efficiency. A further limited desorption has been observed at 50dSW. In this case, despite the ionic strength of salt solution being reduced at neutral pH value, the repulsive electrostatic force is likely to be insufficient to promote the desorption. Farooq et al. [15] found that a critical expansion of the EDL is required for further desorption from silica by low salinity solution.
Another possible explanation in which the saline solutions impact the desorption of crude oil from silica surface is by considering the effect of mutual ion interaction, as the divalent cations (Ca 2+ and Mg 2+ ) could be replaced by the monovalent cations, such as Na + (see Figure 11B) . As a result, the divalent ions leave the silica surface along with the crude oil [9] .
This could provide further proof to explain the limited desorption when utilizing 20 and 50 times-diluted seawater, i.e, when the ionic strength was decreased.
The only opposite trend is for 5dSW, and the reason for this behavior could be related to the reduction in the effect of the ions binding and EDL expansion.
As with the 5 times dilution, the concentration of the divalent and monovalent ions is relatively decreased and correspondingly, their binding to the solid/water interfaces is reduced. Simultaneously, in comparison with the 10dsw, we expect that the electrical double layer expansion is not large enough to promote the desorption of oil. This means that the two proposed mechanisms are not much dominant for the oil desorption when 5dSW used.
For different diluted versions of seawater, the overall desorption from silica surface was the highest for crude oil A with the low polar contents, acid number= 0.25 mg KOH/g. As illustrated in Figure 11B , the presence of electrolyte solutions results in the formation of a positively charged water film between silica and oil. Therefore, if we consider the crude oil with a higher acid number (crude oil C), then the acidic components are tightly held through water phase, thereby resulting in less desorption [1] . Generally, the effect of active polar components present in crude oil on the oil desorption efficiency (ODE) is more pronounced for calcite surface than silica surface upon exposure to various salinities. This discrepancy may be because of the difference in electrostatic interactions between charged functional groups in oil and charged mineral surfaces.
Conclusions
In this study, the impact of ionic strength and brine salinity on the electrokinetic behavior of carbonate rock is investigated, as well as the adsorption/desorption efficiency of various types of crude oils onto calcite and silica surfaces under different aqueous phases is evaluated. The overall zeta potential measurements demonstrate that as the salinity and ionic strength of suspensions decreases up to 10 times dilution, the magnitude of the negative charges increases. The results of adsorption by QCM-D show that more oil layers are adsorbed on the calcite surface when the acidity of oil is increased, while the opposite trend was observed for silica surface. This suggests that the amount of adsorbed layer depends mainly on the composition of oil and the surface mineral type.
Less desorption happens from silica surface compared to calcite surface upon exposure to seawater for all three oils examined. Twice-diluted seawater and 10 times diluted seawater give high desorption efficiency for both surfaces examined because of increasing the repulsion forces between adsorbed polar organic components and surfaces. The results also suggest that either EDL expansion (electrokinetics repulsive) or multiple ion exchange mechanism alone could affect the desorption efficiency, i.e., a combination of these two mechanisms are dominant for the oil desorption. Nevertheless, it is important to emphasize here that which of these two mechanisms considered the main governing factor for the oil desorption is hard to detect.
Furthermore, the effect of active polar components representing by the acid number on the oil desorption efficiency (ODE) is more pronounced for calcite surface than for silica upon exposure to different salinity solutions.
Thus, low salinity solution may not be an optimal choice for removing acidic crude oil from calcite surfaces.
